Abstract
and 10 % depending of the feedstock composition and conditions used [5] . In order to 48 purify the hydrogen in the MSR reactor effluent and/or tune the CO/H2 ratio, the syngas 49 stream can be treated in a water-gas shift (WGS, eq. 1) reactor. catalysts where the CO outlet composition is reduced to about 0.5-1.0% [5, 6] .
60
The gas produced from the WGS reaction contains other components (mainly CO, CO2,
61
H2O and CH4) apart from H2. Remaining steam can be relatively easily removed by water 2.1. Thermogravimetric and differential scanning calorimetry (TG-DSC) analysis. 132 Both CO2 and N2 were fed to the process with mass flow controllers (model F201 from
133
Bronkhorst High-Tec) whereas the water vapor was produced in a Controlled Evaporation
134
and Mixing (CEM) system (Bronkhorst High-Tec). In both cases, the total flow rate (dry were performed in the same operational conditions but using only glass beads of the same 143 size to fill the column.
144
The regeneration capacity of the sorbents was assessed in multiples sorption-desorption in both ends by two discs of stainless steel mesh (10-15 μm).
158
The Cu-based catalyst was firstly reduced at 300 ºC for 2 h under a mixture of 15 vol. %
159
H2 diluted in N2 (45 mlN/min of total flow rate); subsequently, the system was flushed 160 with nitrogen (ca. 50 mlN/min) during 30 min to remove H2.
The sorption enhanced tests were performed at 3 bar, at 250 and 300 ºC, with a feed of 162 CO (10 vol. %), H2O (15 vol. %) and N2 (75 vol. %) and a total flow rate of 100 mlN/min.
163
The contact time, Wcat/QCO, used was 3.7 x 10 -4 gcat h mlN -1 .
164
The units that compose the experimental set-up have been described in detail elsewhere Prior to the test, the membrane was activated until the permeate H2 flow rate was constant.
197
Such activation was performed feeding 60 mlN/min of pure H2 at 3.5 bar of pressure and 198 using 300 mlN/min of N2 as sweep gas in the permeate side (P = 1 bar).
199
For both SER and HSEMR tests, carbon monoxide conversion was defined as follows: The DSC profile exhibits three endothermic peaks; at ~90 ºC related to physical 211 desorption of loosely interlayer water, at ~400 ºC attributed to dehydroxylation and 212 carbon dioxide removal and at ~700 ºC which was assigned to K2CO3 decomposition 27].
214
According to the information provided by the supplier, the MG30-K hydrotalcite was 215 previously calcined at 250 ºC for 1 h and then heated at 450 ºC for 24 h. This suggests 216 that the decarbonation that is typically observed in K2CO3 promoted hydrotalcites [28] 217 already occurred during the previous thermal treatment made by the supplier. Indeed, the 218 mass loss at around 400 ºC was small, indicating that the amount of carbonates present in 219 the as supplied MG30-K is very low. This is confirmed by the short peak observed in the 220 DSC profile at said temperature. Hence, the mass loss observed in our case is probably 221 due to the elimination of carbonate that remains in the sample or from CO2 present in the 222 atmosphere, which was sorbed and incorporated into the structure during storage.
223
On the other hand, in order to perform breakthrough and other experiments, the MG30-
224
K was previously heated for 2 h at 300 ºC (as described in section 2.2). In such thermal 225 condition, the loosely interlayer water would be removed according to the results 226 observed in TG. As the carbonates are almost not present in the sample, it was not 227 necessary a thermal pre-treatment at higher temperatures inasmuch as the sample already 228 possess a molecular structure having high affinity for CO2. 
301
For the test carried out at 250 ºC and 3 bar (Fig. 7B) , the CO and the CO2 also break case a higher CO conversion was observed; however, the sorbent strongly loses its 326 catalytic activity when submitted to reaction-regeneration cycles. In our case, since the 327 hydrotalcite shows a low activity in the conditions assessed, its behavior under reaction-328 regeneration cycles was not studied into further detail. (Fig.7A) . This suggests that, in the pre-breakthrough 336 zone, while the CO2 is selectively removed from the gas phase by means of the sorbent, 337 the reaction is being shifted to produce more H2. This is corroborated by the fact that in 338 the pre-breakthrough zone no CO was detected in the outgoing gas, and therefore the CO 339 conversion is complete, indicating that the equilibrium limit was overcome. When the 340 hydrotalcite reaches its CO2 sorption capacity and gets saturated, the compositions of CO 341 and CO2 are very similar to the values measured for the test with catalyst only (cf.
342
Fig .7A ); in fact, the CO conversion in such zone is slightly higher. This is probably due 343 to the fact that, as previously mentioned, the hydrotalcite showed a certain catalytic 344 activity in these conditions (300 ºC and 3 bar). conditions has also been reported in such works.
365 Figure 8 shows the evolution of the CO and CO2 concentration as well as the CO 366 conversion as a function of time for the test performed in a SER at 300 ºC and 3 bar of 367 total pressure (Fig. 8A) , and the tests performed in a HSEMR at 300 ºC and 3.0, 4.0 and 368 5.5 bar of total pressure in the retentate side (Figs. 8B, 8C and 8D, respectively).
369
In comparison with the test carried out over Cu/ZnO-Al2O3 only -TR (Fig.7A) , it is 370 evident that, for the test performed at 300 ºC and 3 bar in the HSEMR (Fig. 8B) , in the 371 pre-breakthrough zone, neither CO nor CO2 were observed in the reactor outlet (within 372 the detection limits), indicating that a full CO conversion was achieved and hence two 373 high-purity hydrogen stream were produced. This aspect is very noticeable when it is 374 envisaged to couple this technology to a system where the presence of CO could be 375 prejudicial like a fuel cell.
376
As in the test carried out with catalyst and sorbent -SER (cf. Fig. 8A ), in the HSEMR is 377 also observed that the CO concentration reaches a steady-state value when CO2 378 concentrations stabilizes, i.e., when the hydrotalcite becomes saturated. But in this case,
379
due to the presence of the Pd-Ag membrane, at steady-state the CO conversion is slightly to not greatly improve the reaction (H2 recovery of 18 %). But in a system with two 384 parallel reactors alternating between reaction/sorption and regeneration, the interest is centered in the pre-breakthrough zone in order to ensure a continuous high-purity H2 386 production from the retentate side. Such hydrogen can be added to that coming from the 387 permeate side, providing 100% H2 recovery. In such zone all the CO2 is sorbed by the 388 hydrotalcite and the CO is not produced (the equilibrium is completely shifted), which is 389 favorable for the Pd-Ag membrane avoiding thus its deterioration.
390
Fig . 8C and 8D displays the evolution of CO and CO2 concentration for the tests carried 391 out in a HSEMR at 300 ºC at 4 and 5.5 bar of total pressure in the retentate side, 392 respectively. In both cases, the CO2 breakthrough time is higher than that of the test 393 performed in the HSEMR at 300 ºC but at 3 bar of total pressure (Fig. 8B) , which is likely 394 due to an effect of the pressure which increases the CO2 breakthrough time, as shown in pre-breakthrough zone is the same because the CO conversion is complete.
398
A similar shape of the CO and CO2 composition profiles was observed at 4 and 5.5 bar 399 with respect to those observed when the test was performed at 300 ºC and 3 bar (Fig.8B) 
400
except that in this case the values of CO conversion at steady-state are higher, reaching
401
(at 4 bar) or even overcoming (at 5.5 bar) the equilibrium. This can be related to the higher 402 driving force for H2 permeation. In fact, the H2 recovery was 23 % and 37 % for the tests 403 performed at 4 bar and 5.5 bar, respectively.
404
The performance of the sorption enhanced reactor (3 bar) and hybrid sorption-enhanced 405 membrane reactor (3 or 5.5 bar in the retentate side) was also studied at 250 ºC (Fig. 9) .
406
In Figure 9B and 9C, it is observed that the CO2 produced during the WGS reaction is 407 completely sorbed until it stars to break through the bed (pre-breakthrough zone); then its As mentioned above, the HSEMR simultaneously carries out the WGS reaction while 425 removing hydrogen and carbon dioxide from the reaction zone, respectively (Fig. 10) .
426
The continuous use of such configuration would require the cyclic operation of two 427 parallel reactors (if regeneration is not longer than the production stage), producing ( Fig.   428 10a)) and regenerating (Fig. 10b) ) out of phase. Since the goal is to shift the 429 thermodynamic equilibrium of WGS during reaction mode by retaining CO2 in the 430 sorbent, once the sorbent gets saturated and CO2 starts breaking through the column the 431 reaction is ended ( Fig. 10 (a) ) and the regeneration stage is initiated (Fig. 10 (b) namely in a cyclic sorption-enhanced WGS reactor.
445
The use of the SER packed with MG30-K hydrotalcite along with a Cu/ZnO-Al2O3
446
catalyst allowed that the CO conversion, in the pre-breakthrough zone, increases 447 regarding a traditional reactor; such reactor configuration also allows overcoming the 448 equilibrium conversion based on feed conditions, before CO2 breaks through the column.
449
Finally, when a multifunctional sorption-enhanced membrane reactor is used at 250 ºC 450 and 3 bar, the CO conversion increases even more. In this regard, it is possible to conclude 451 that the coexistence of both the membrane (for H2 separation) and the sorbent (for CO2 452 sorption) act simultaneously. However, at higher pressure (5.5 bar) or higher temperature
453
(300 ºC), in the pre-breakthrough zone complete CO conversion is reached, allowing to 454 obtain two hydrogen streams feasible to be fed to a fuel cell (with 100% H2 recovery).
455
This suggests that combining CO2 and H2 removal in a single unit could be beneficial for 456 the high-purity H2 production. Moreover, in the pre-breakthrough zone, the CO2 is sorbed 457 by the hydrotalcite and the CO is not produced (the equilibrium is completely shifted),
458
which is favorable for the Pd-Ag membrane since CO2 and mainly CO in gas phase can 459 poison the membrane, affecting the H2 permeability. 
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From 3 rd to the 6 th cycle, the sorption capacity remains constant (data not shown). Table 1 for additional operating conditions. 634 636 Fig. 8 . CO conversion and CO and CO2 composition (vol. %) history during WGS reaction in a sorption-637 enhanced reactor at A) 300 ºC and 3 bar and in a hybrid sorbent-membrane reactor at B) 300 ºC and 3 bar, 638 C) 300 ºC and 4 bar and D) 300 ºC and 5.5 bar. See Table 2 for additional operating conditions. 639 Fig. 9 . CO conversion and CO and CO2 composition (vol. %) history during WGS reaction in a sorption-642 enhanced reactor at A) 250 ºC and 3 bar and in a hybrid sorbent-membrane reactor at B) 250 ºC and 3 bar 643 and C) 250 ºC and 5.5 bar. See Table 2 for additional operating conditions. 
